A micro size particle behavior considering thermophoretic and drag forces are simulated by using direct simulation Monte Carlo (DSMC) method. The computation time is too high to compute the micro particle movement by conventional DSMC method because the computation time is proportional to a particle diameter. In this paper, the molecule-particle collision model, which computes the collision between a particle and multi molecules in a collision event, is considered. The momentum transfer to the particle is computed with a collision weight factor, where the collision weight factor means the number of molecules colliding with a particle in a collision event. The large time step is adopted by considering the collision weight factor. Therefore, the computation time becomes fifty thousandth times for micro size particle computation theoretically. We simulate the particle motion considering thermophoretic and drag forces by DSMC-Neutrals (Particle-PLUS neutral module) with above molecule-particle collision model, where DSMC-Neutrals is commercial software adopting DSMC method. The thermophoretic velocity with molecule-particle collision model is verified by comparison with Waldmann's model. Furthermore, it is shown that the DSMC method with molecule-particle collision model reproduces completely the conventional DSMC method. The behavior of a particle, which is polystyrene latex (PSL), is simulated.
INTRODUCTION
A particle motion is simulated in thermophoresis phenomena by using direct simulation Monte Carlo (DSMC) method. Thermophoresis is a phenomena that a particle moves to a cold region from a hot region in a gas with temperature gradient. Thermophoretic force is exerted on a particle by surrounding gas within a temperature gradient and induces particle motion even in absence of gas flow. The molecules on the hot side provide more momentum for the particle than ones on the cold side, so the particle moves to the cold region.
Thermophoresis is of practical interest in a wide range of applications, including aerosol collectors, aerosol manufacture of fiber optics, gas cleaning, and nuclear reactor safety. As experimental report, Kim et. al. (Kim et. al. 2006) reported the thermophoretic protection from the polystyrene latex (PSL) whose sizes are 125 and 220 nm. The application for the mask protection from particulate contaminates is presented in the paper.
As simulation study, thermophoretic force was simulated with DSMC method (Bird 1994 ) by Gallis (Gallis et. al. 2002) , Chen (Chen 1999a (Chen , 1999b , and Havnes (Havnes et. al. 1994 ). Gallis et. al. (Gallis et. al. 2002) compared thermophoretic forces by DSMC method with their analytical results. Gallis' computation model by DSMC method and analytical model are available for pressure range from free molecular regime to continuum regime. Note that the thermophoretic force of their analytical model is the same as Waldmann's thermophoretic force (Mädler and Friedlander 2007 , Waldmann and Schmitt 1966 , Waldmann 1959 , which is available for continuum regime. They did not simulate directly the particle motion because the computation time is too much in the conventional molecule-particle collision model.
BASIC THEORY
Basic theory related with particle motion in rarefied gas flow is explained. The Knudsen number which shows the degree of rarefaction of a gas is discussed in §2.1. The Knudsen number is important parameter when the validations of the molecule-particle collision model and rarefied gas flow are discussed. The DSMC method, which is used for the computation of particle motion in this paper, is introduced in §2.2. In §2.3, the analytical model of the particle force balance is explained. The analytical models for thermophoretic and drag forces are used in the discussion of the molecule-particle collision model in §4.
KNUDSEN NUMBER
In this section, two Knudsen numbers for length between cold side and hot side and particle size are considered. The degree of rarefaction of a gas is generally expressed through the Knudsen number
where λ and L denote mean free path and characteristic length, respectively. As usually, the characteristic length is the distance between walls. On the other hand, the characteristic length for interaction between a particle and a gas is the particle radius. In this paper, the Knudsen number (Mädler and Friedlander 2007) obtained by the particle diameter is written as
where R p is particle radius. The Knudsen number Kn of the computation model in this paper is available for wide pressure range to free molecule regime from continuum regime. On the other hand, the molecule-particle collision model assumes to be the limiting case of very small particles Kn p ≫ 1 in this paper.
OUTLINE OF DSMC METHOD
Thermophoresis phenomenon is simulated with DSMC-Neutrals which is commercial software and adopts DSMC method. The DSMC method used in this paper is briefly described. The technique, which has been developed first by Bird (Bird 1994) , is a particle model for rarefied gas flows.
In the DSMC method, the gas represented at the microscopic level is composed of simulated molecules which represent a large number of real molecules. The principle of uncoupling (Nanbu 1992) treats separately the molecule movement and the collision, where the moving time per time step should be smaller than mean free time. In other words, the simulated molecules simply move with the initial velocity in the computation domain until next collision. The collision between simulated molecules in a cell is calculated. Therefore, the mesh size should be less than the mean free path. The meshes used in this paper are orthogonal structured grid meshes and are made by commercial software WF-Geom2D in DSMC-Neutrals software package.
The procedure of the DSMC method includes (1) molecule movement considering the interaction with the various boundaries and (2) molecule-molecule collision after movement. The maximum collision number method (Nanbu 2000 (Nanbu , 1996 (Nanbu , 1992 for a gas molecule is employed in this paper. Let us consider the probability P Ai,Bj of the simulated molecule Ai colliding with the simulated molecule Bj and the probability P Bj,Ai of the simulated molecule Bj colliding with the simulated molecule Ai. The i in Ai and j in Bj denote the identification numbers of simulated molecules. The probabilities P Ai,Bj and P Bj,Ai are
and
respectively; where W A and W B are weights of species A and B, respectively. The weight denotes the number of real molecules which a simulated particle represents. The maximum collision probability P max is written as
where V c , g AB max , σ AB T , and ∆t denote cell volume, the maximum relative speed between species A and B, total cross section for species A and B collision, and time step, respectively. Furthermore, q AB ij is written as
where g Ai,Bj and σ AiBj T (g Ai , g Bj ) are the relative speed between simulated molecules Ai and Bj and the cross section for a collision between simulated molecules Ai and Bj in this paper. The maximum relative speed is defined as
The maximum number N c max of collisions in a cell is written as
where, N A and N B are the numbers of simulated particles of species A and B, respectively. It is possible to calculate the behaviors of those molecules which have very different density with reasonable accuracy. DSMC-Neutrals code can adjust automatically weight and the number of simulated molecules for each species.
As the binary collision model, the variable hard sphere (VHS) model is adopted (Bird 1994) . In this model, diameter of the molecule is defined as
where d ref , T ref , and ω are reference diameter, reference temperature, and temperature exponent of viscosity coefficient, respectively. These are parameters of VHS model (Bird 1994) . Furthermore, m r and c r are reduced mass and relative speed, respectively; k B and Γ are Boltzmann constant and gamma function, respectively. The mean free path is written as
where n is number density. The mean free path of a mixture gas is written as
where n and n i are the total number density and the number density of species i, respectively; s is the number of species in a mixture gas. The mean free path λ i of species i is written as
where
Let us consider viscosity coefficient of VHS model. Reference viscosity coefficient (Bird 1994) at reference temperature is written as
The viscosity coefficient of VHS model is written as
Furthermore, collision time of species A is written as
where c A th is thermal velocity of species A. The thermal velocity is written as
where m A is mass of species A.
ANALITICAL MODEL OF THERMOPHORETIC AND DRAG FORCES
A particle force balance is considered as the basic concept, and then the equation of motion for a particle can be expressed as
where F th and F d denote thermophoretic and drag forces, respectively The collision model with the collision weight factor reproduces Gallis' analytical model (Gallis et. al. 2002) . The thermophoretic force of Gallis' analytical model (Gallis et. al. 2002 ) is introduced. Thermophoretic force acting on a particle between hot T h wall and cold T c wall is analytically obtained. The thermophoretic force is proportional to heat flux (Gallis et. al. 2002) . Therefore, let us explain heat flux of continuum (Kn ≪ 1) and free molecular (Kn ≫ 1) regimes in turn. After that, a thermal transfer phenomena, which is obtained by a simple interpolation, is considered from free molecular regime to continuum regime.
In continuum regime, heat flux and thermophoretic force are proportional to temperature gradient and is independent of pressure. The heat flux of continuum model is
where L p is distance between parallel plates, respectively. Thermal conductivity k ref in above equation for an atom is written as
where µ denotes viscosity coefficient. That for a molecule is
where ζ DOF is internal degrees of freedom. The internal degree of freedom is two for diatomic molecules. The heat fluxes of continuum model for an atom and a molecule gases are obtained by substituting Eqs. (20) and (21) for Eq.(19), respectively. In free molecular regime, heat flux and thermophoretic force are proportional to pressure. The heat flux in free molecular limit is
where P is gas pressure. A simple interpolation formula for heat flux has been suggested by Sherman (Lauermann 1963) ,
By above equation, thermophoretic force, which is suggested by Gallis et. al., is written as
where R p and c are particle radius and the mean molecular speed, respectively. The continuum limit of above thermophoretic force is the same as Waldmann's results (Gallis et. al. 2002) .
On the other hand, the drag force is proportional to particle velocity and is written as
where c p and ζ are particle speed and a friction coefficient, respectively. In the limiting case of very small particle Kn p ≫ 1, the friction coefficient (Epstein 1924, Mädler and Friedlander 2007 ) of Epstein's model is derived from kinetic theory
where ρ, d p , and m are mass density of gas molecule, particle diameter, and mass of gas molecule, respectively; α is the accommodation factor. At last, the thermophoretic velocity (Mädler and Friedlander 2007 , Waldmann and Schmitt 1966 , Waldmann 1959 ) of Waldmann's model is obtained with above the equation
Let us consider particle velocity as a function of particle coordinate. The particle velocity profile in computation domain is discussed in this paper. The particle velocity is obtained by Eq.(18). By substituting Eq. (25) for Eq.(18) and integrating it, Eq. (18) is written as
By above equation, the particle velocity is obtained by
where C 1 is integration constant. As initial velocity is c in p , the particle velocity as a function of time is obtained by
By integrating Eq.(30) in time t, a particle position is obtained by
where x 0 is initial coordinate of particle. When thermophoretic force is not considered, particle velocity as a function of particle movement distance x is written as
This equation is used in the discussion in §6.
MOLECULE-PARTICLE COLLISION MODEL
The molecule-particle collision model is described in detail. In §3.1, the outline of the molecule-particle model with collision weight factor is described. The molecule-particle collision model considering thermophoretic force is explained in §3.2. The drag force is discussed in §3.3. In §3.4, the limitation of molecule-particle collision model is discussed.
OUTLINE OF MOLECULE-PARTICLE COLLISION MODEL
The molecule-particle collision model is described. The molecule-particle collision model adopts the large time step by considering the collision weight factor. The collision weight factor is the number of molecules colliding with a particle in a collision event.
The molecule-particle collision model assumes that a simulated particle collides with a simulated molecule many times in a collision event. On other words, a simulated particle collides with multiple simulated molecules in a collision event. Therefore, the momentum transfer to the particle is multiplied by the collision weight factor in a collision event.
By using the collision weight factor, the large time step can be adopted but the principle of uncoupling between the particle movement and the collision is not satisfied for a molecule-particle collision. Therefore, it is important to confirm whether the particle motion is accurately calculated or not.
In the molecule-particle collision model, the number of collision computations in a collision event assumes to be equal to the number of simulated molecules in a cell by using collision weight factor. The collision weight factor is decided by the condition of the time step and the number of simulated molecules in the cell.
The atom-particle collision model satisfies statistically the momentum and energy conservations. On the other hand, the molecule-particle collision model satisfies statistically only energy conservation at considering internal energy of a molecule. Not that neither momentum nor energy are conserved in each collision event in the maximum collision number method. But the molecule-particle collision model satisfies statistically the momentum and the energy conservations for the atom-particle collision, and momentum conservation for the molecule-particle collision.
Let us consider the example model of a particle with a diameter of 1 µm. A particle mass is about 1 × 10 11 times of a molecule mass. The particle momentum is about one hundred thousand times of one of molecule at a room temperature. Therefore, it can assume that the particles receive the mean momentum by colliding with many molecules in a computation collision event. When the momentum transfer is much smaller than the particle momentum, it is reasonable to consider that the particle receives the momentum transfer obtained by a particle colliding with multi molecules at a collision event.
In §4, the momentum transfer is discussed in detail.
On the other hand, the probability of a simulated molecule colliding with a simulated particle should be less than unity because the particle density is very lower than the molecule density in this paper.
MOLECULE-PARTICLE COLLISION MODEL FOR THERMOPHORESIS
In the molecule-particle collision model, two parameters, which are the maximum collision number and the collision probability, are modified in the condition of the energy conservation for the molecule-particle collision, when a large time step is adopted. Note that both the momentum and the energy for the atom-particle collision are conserved. The maximum collision number and the collision probability of the molecule-particle collision model are explained in turn. Furthermore, the velocities of a molecule and a particle after a collision are explained in this subsection.
Let us consider the momentum conservation in a quiescent gas at first. The momentum change of a particle is equal to the momentum change of a molecule multiplied by the collision weight factor. Therefore, the momentum conservation equation with the collision weight factor α c is written as
where m and m p are molecular mass and particle mass; ⃗ c p and ⃗ c ′ p are particle velocities of before and after a collision, respectively. Furthermore, ∆⃗ c is velocity change of a molecule and then α c ∆⃗ c is velocity change of a particle in a collision event. The particle velocity is obtained by above equation with the collision weight factor. The velocity change of diatomic molecules ∆⃗ c are modified by considering the internal energy and are explained in the end of this subsection in detail.
The maximum collision number of the molecule-particle collision is defined by
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The maximum collision number N c * max is used in the molecule-particle collision model. Furthermore, the collision weight factor is obtained by substituting Eq. (8) for Eq.(35)
The total cross section of a molecule-particle collision is
where d m and d p denote diameters of a molecule and a particle, respectively. By considering α c , the momentum transfer to the simulated molecule becomes the same as the conventional DSMC collision model. Therefore, the probability of Eq.(3) should be modified as
where the species m and p correspond to the molecule and the particle, respectively. In molecule-particle collision model, N c * max and P * mi,pj are used instead of N c max and P mi,pj . Let consider the product of the maximum collision number and the probability of the molecule-particle collision. The product of the maximum collision number and the probability for a molecule colliding with a particle is written by Eqs. (34) and (38) as
Note that the product N c * max · P * mi,pj of the molecule-particle collision model is the same as that of conventional collision model. On the other hand, the product for a particle colliding with a molecule is written as
Therefore, the number of a particle colliding with a molecule for the molecule-particle collision model is 1/α c of that of conventional collision model. The momentum and the energy conservations are satisfied by using the momentum transfer multiplied by α c . The molecular velocity after a collision with the particle is explained. In DSMC method, velocity after collision is obtained by energy and momentum conservation laws. A schematic diagram of the molecule-particle collision model for thermophoresis is shown in Fig.1 , where ⃗ c m and ⃗ c ′ m are molecule velocities of before and after a collision, respectively. The molecular velocity after a collision with the particle should be calculated by particle temperature because the particle size is much larger than a molecule. In other words, the way to obtain the velocity is the same as the way of collision between a molecule and a wall. Here, it assumes that scattering direction, which is decided with random number, is isotropic. The molecule-particle interaction of Gallis' analytical model assumes full accommodation model. Fig. 1 Schematic diagram of molecule-particle collision. The molecule reflects diffusely on the particle; ⃗ c m and ⃗ c ′ m are molecule velocities before and after a collision with a particle, respectively; ⃗ c p and ⃗ c ′ p are particle velocities before and after a collision, respectively.
Let us consider a molecular velocity after a collision. The molecule reflects diffusely on the surface. By ignoring particle velocity, the molecular velocity is obtained with Maxwell velocity distribution function
where c x , c y , and c z are x, y, and z components of the velocity ⃗ c, respectively; T p is the temperature of the particle; R is gas constant. The molecular velocity ⃗ c ′ m after a collision is equal to the velocity ⃗ c Max obtained by Maxwell velocity distribution function when drag force is ignored. Therefore, the molecular velocity after a collision without the drag force is written as
For molecule-particle collision, rotational energy of the molecule after collision is computed with particle temperature by Larsen-Borgnakke distribution (Bird 1994) which follows Maxwell distribution function. Particle velocities are calculated with momentum transfer of molecule by energy and momentum conservations. The velocity change for an atom-particle collision is
The particle velocity change ∆⃗ c p of the molecule-particle collision model in a collision event is written as
For the molecule-particle collision, the particle velocity after the collision should consider internal energy transfer of molecule. It is assumed that change of molecular internal energy is transferred to particle momentum, where particle temperature is assumed to be constant. The velocity change for molecule-particle collision is calculated by
Therefore, energy conservation is written as
where ε in and ε ′ in are rotational energy after and before a collision, respectively. Therefore, β is written as
Note that β becomes unity when the internal energy is not considered (ε ′ in = 0 and ε in = 0). Note that Eq.(47) is satisfied with energy conservation. The rotational motion of molecule is considered but vibrational motion is not considered because the gas temperature is very lower than the characteristic temperature of vibration of diatomic molecules in this paper. Furthermore, the internal energy of a particle assumes to be constant.
MOLECULE-PARTICLE COLLISION MODEL FOR DRAG FORCE
Let us consider the drag force on the base of Waldmann's model. The molecular velocity after a molecule-particle collision considering drag force is obtained by adding the drag force term into Eq.(42). That is written as
where α W and ⃗ c flow are proportional ratio of momentum transfer related with a molecular velocity and flow velocity of a gas in a cell, respectively. The proportional ratio α W is obtained by comparing the friction coefficient of Epstein's model with that of the collision model of DSMC method, which is the product of the momentum transfer by collision between a molecule and a particle and the collision frequency. Let us consider these friction coefficients of drag force in turn. Note that Waldmann's thermophoretic velocity is obtained with the Epstein's drag force.
By Eq.(26), the friction coefficient of Epstein's model is rewritten as
where cross section is
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where gas flow is not considered. Therefore, the friction coefficient of drag force is written as
The proportional ratio of momentum transfer considering Waldmann's method is obtained by Eqs. (49) and (52). The proportional ratio is written as
where α W with full accommodation condition α = 1 and full specular reflection condition α = 0 are 1.313 and 0.9428, respectively. The particle velocity change for the collision with an atom is obtained by substituting both Eqs. (48) and (52) for Eq.(43). On the other hand, that for the collision with a molecule is obtained by substituting both Eqs. (48) and (52) for Eq.(45). The particle movement considering thermophoretic and drag forces is computed by using the velocity change.
LIMITATION OF MOLECULE-PARTICLE COLLISION MODEL
As the limitation of molecule-particle collision model, the momentum transfer in a collision event should be much smaller than the momentum of a particle in order to avoid statistic error. In this paper, the momentum transfer ratio is defined as
The momentum transfer ratio is discussed with the computation results in §4.
COMPARISON WITH WALDMANN'S MODEL
In this section, the molecule-particle collision model is compared with Waldmann's model. The collision weight factor is investigated. Waldmann's model has the limiting case of very small particle and continuum region for a gas. A particle size is much smaller then mean free path of a gas. The thermophoretic velocities as functions of momentum transfer ratio and accommodation factor are discussed.
The computational model is satisfied with the condition of Waldamann's model. The geometry is shown in Fig.2 . The particle moves from left to right side in Fig.2 by thermophoretic force in an Ar gas of a pressure of 1 Torr. Furthermore, the temperatures on left and right walls are 298 K and 248 K, respectively. Note that the temperature gradient is 100 K/cm and the average temperature is 273 K. A time step is 5 × 10 −8 s. The particle flux on the left wall, on which particles generate, is 2 × 10 10 #/m 2 s. The particles assume to be graphite particles of sphere shape. A diameter of particles is one micrometer. Then, a mass of particle of 1.18 × 10 −15 kg is obtained with a graphite density (Gray 1972 ) of 2.25 × 10 3 kg/m 3 . The particle is assumed to be a hard sphere. The species information is listed in Table 1 . The mean free paths of an Ar atom and a particle in Table 1 are obtained from Eqs. (10) and (11), respectively. Note that the mean free path of an Ar atom does not consider the collision between an Ar atom and a particle because the number density of particle is much low. The collision between particles is not considered in the mean free path of the particle in Table 1 . In this condition, the Kn p for the particle is 73.4. On the other hand, the Kn for a gas is 7.34×10 −3 and it is continuum region. Note that a mean free path of Ar, which has a temperature of 273 K and a pressure of 1 Torr, is 3.67 × 10 −5 m.
The condition is satisfied with the limitation of Waldmann's model. The momentum transfer ratio γ is discussed in this section. The thermophoretic velocity is computed for four momentum transfer ratios which are 5 × 10 −3 , 2 × 10 −3 , 1 × 10 −3 , and 5 × 10 −4 . The number of simulated particles per cell is a hundred. Note that it is necessary to use many simulated particles per cell in order to keep small momentum transfer ratio. The weights W p of particle for γ = 5 × 10 −3 , 2 × 10 −3 , 1 × 10 −3 , and 5 × 10 −4 are 12, 48, 135, and 340, respectively.
The momentum transfer ratio is easily adjusted with the weight of particle. Note that momentum transfer ratio is roughly in inverse proportion to the weight of particle when there are the multi simulated particles per cell. Let us discuss the computation speed. The collision time and the number of simulated particles per cell are listed in Table 2 . The computation time is proportional to the product of collision time and the number of simulated particles. The collision time of conventional model is obtained from the collision time between a particle and an Ar atom. On the other hand, the collision time of collision model with the collision weight factor is obtained from the collision time between Ar atoms. Therefore, computation speed is expected to be fifty thousand times faster theoretically. Note that the time step is less than collision time of an Ar gas. Molecule-particle collision model 9.49 × 10 −8
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The particle velocity profiles as a function of the momentum transfer ratio is shown in Fig.3 and the computation results are compared with Waldmann's model (Eq.(27) ). The particles accelerate by the thermophoretic force and the particle speed approaches the thermophoretic velocity. The particle speed of the momentum transfer ratio 5 × 10 −3 continue increasing because the statistical fluctuation is much large.
The particle velocity increases sharply around the cold wall which is the right wall. Because the Ar atoms do not collide sufficiently with other atoms and the velocity distribution of the Ar gas in the area deviates from Maxwell velocity distribution in this computation condition. As a result, the particle velocity increases with the thermophoretic force increasing. Note that the thermophoretic force of free molecular limit is larger than that of continuum limit when the pressure is much large, because that of free molecular limit is proportional to pressure Thermophoretic velocity of the molecule-particle model agrees with Waldmann's model (Eq.(27) ). Figure 3 shows that the momentum transfer ratio should be less than 1 × 10 −3 . The weight of particle is 135 in the this computation condition which has 1 × 10 −3 and full accommodation condition. Above computation condition is used in the validation computation of accommodation factor. The particle velocity profiles as a function of the accommodation factor is shown in Fig.4 and the computation results are compared with Waldmann's model, where a momentum transfer ratio is 1 × 10 −3 . Thermophoretic force as a function of accommodation factor is not considered in our molecule-particle collision model. Therefore, the results of DSMC is slightly smaller than Waldmann's model. Note that the momentum transfer of specular reflection is smaller than that of diffused reflection. Therefore, thermophoretic force decreases with decreasing accommodation factor. 
COMPARISON WITH CONVENTIONAL DSMC METHOD
The DSMC method with molecule-particle collision model and the conventional model are computed because of validation. The mesh and the gas condition are the same as that in §4 except for pressure 0.1 Torr and no temperature gradient. A particle diameter and an initial velocity are 0.1 µm and 10 m/s, respectively. Time step and the number of simulated molecules per cell are shown in Table 3 . Furthermore, α W is unity because α W of conventional DSMC method is unity. Note that a momentum transfer ratio γ is 0.001 in the computation with molecule-particle collision model. Table 3 Time step and the number N of simulated molecules per cell which are used in the computation. These parameters are used when the expected computation time is obtained. Time step of the conventional model is obtained by atom-particle collision. Time step of molecule-particle collision model is obtained by atom-atom collision. 
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Particle velocity as a function of distance is shown in Fig.5 . Velocity decreases by drag force. Velocity profile of molecule-particle collision model agrees completely with that of the conventional model even if large time step is used in the computation with molecule-particle collision model. Computation speed of molecule-particle collision model is 460 times than conventional DSMC method in this computation condition. Note that theoretical speed up is 60,000 times. The computation speed tends to become faster per step because the number of atom-atom collisions and movement length of atom per step decrease. 
COMPARISON WITH EXPERIMENTAL DATA
In this section, the effect of thermophoretic protection is computed. The computation results are compared with the experimental data of Kim et. al. (Kim et. al. 2006 ). Kim et. al. investigate into thermophoretic protection of critical surface from PSL (polystyrene latex) particles injected with known initial speeds into a quiescent gas. The thermophoretic protection from a PSL particle, whose diameter is 220 nm, is computed by DSMC method with the molecule-particle collision model, where a quiescent gas is an air of 100 mTorr.
The computation model is explained in §6.1 in detail. The computation results are discussed in §6.2.
COMPUTATION MODEL
The computation model is shown in Fig.6 . The PSL particles, which has a diameter of 220 nm, generate on the pinhole with a initial velocity of a 8.5 m/s. The initial velocity of experimental data of Kim et. al. is 8.5 m/s. Note that the PSL particle velocity is expected to arrive zero by drag force at 9.3 mm which is calculated by Eq.(32) in this condition. The generated PSL particles go toward the wafer in a quiescent air. A pressure of an air is 100 mTorr.
The full accommodation factor α = 1 of the interaction between a molecule and a PSL particle is used in the molecule-particle collision. Note that the molecules colliding with a PSL particle diffusely reflect because gas temperature and gas flow velocity are sufficiently low (Struchtrup 2013) . A PSL particle flux from the pinhole is 1 × 10 10 #/m 2 s. A time step of 1 × 10 −7 s is used. In the computation models, two cases of wall temperature condition are considered. One does not have the temperature gradient. A temperature of the wafer, pinhole, and pinhole plate is 273 K. The other has temperature gradient between the wafer and the pinhole plate. A temperature gradient is 10 K/cm. A temperature on the wafer is 278 K. A temperature on the pinhole and pinhole plate is 268 K. Note that the PSL particles in a gas with the temperature gradient are prevented to approach to the wafer by thermophoretic force. The computation condition is described. A mesh size is 0.025 mm which is less than the mean free path of a air of 100 mTorr with a temperature of 273 K. The mean free paths for a N 2 molecule and an O 2 molecule are 0.746 mm and 0.753 mm, respectively. These mean free paths are obtained by Eq.(12). On the other hand, a PSL particle mean free path of 2.32 × 10 −5 mm is obtained by Eq.(11) in air of 100 mTorr.
Atomic weight of PSL particle is 6.47 × 10 8 g which is obtained from a density (Lauermann 1963 ) of 1.05 g/cm 3 .
Note that the rotational energy of a molecule after a collision is obtained by Larsen-Borgnakke distribution (Bird 1994) but the vibration energy is not considered because of low temperature. The species information is listed in Table 4 . The number of simulated particles per cell is three hundreds. The large number of simulated particles is adopted because the momentum transfer ratio is satisfied with under 1 × 10 −3 in the condition that a PSL particle velocity is over 1 m/s. A weight of the PSL particle is 100. A simulation time is 50 ms. The computation results are obtained by sampling from 25 ms to 50 ms, where the PSL particle flux on the wafer converges at 25 ms. Note that the PSL particle density and velocity profiles on computation domain do not converge completely because the PSL particle spread out slowly in the computation domain. In the computation models, the PSL particle flux on the wafer is discussed in detail. Let us discuss the computation speed. The collision time and the number of simulated particles per cell are listed in Table 5 . The collision time of conventional model is obtained from the collision time between a molecule and a PSL particle. On the other hand, the collision time with molecule-particle collision model is obtained from the collision time between molecules. The computation time is proportional to the product of collision time and the number of simulated particles. Therefore, computation speed is expected to be one hundred seventy times. Note that the time step is less than collision time of a gas. 
RESULTS
The thermophoretic protection is discussed. The PSL particle density profile is shown in Fig.7 , where Fig.7a is the results without temperature gradient and Fig.7b is the results with temperature gradient 10 K/cm. The PSL particles in a gas with temperature gradient spread out around the wafer because the PSL particle speed decrease sharply because of thermophoretic force.
The peak position of PSL particle density of analytical result is expected to be 9.3 mm from the pinhole by Eq.(32) in Fig.7a . But the computation result shows that PSL particles arrive at the wafer. It shows that the drag force is underestimated because of statistic error by low particle speed.
The PSL particle speed profile is shown in Fig.8 , where Fig.8a is the results without temperature gradient and Fig.8b is the results with temperature gradient 10 K/cm. The PSL particles go straightly to the wafer with decreasing the velocity by the drag force. The PSL particles in a gas with temperature gradient go back to the pinhole plate by thermophoretic force. The PSL flux profile on the wafer is shown in Fig.9 . The PSL flux with temperature gradient is half of that without the temperature gradient because of thermophoretic force. Therefore, the flux ratio between flux with temperature gradient and without that is about 0.5. On the other hand, the flux ratio of experimental data is 0.04. The computational results are expected to underestimate the thermophoretic protection effect because the drag force is underestimated. As the reason, the momentum transfer ratio becomes much large around the wafer, where the PSL particle velocities become under 1 m/s and the momentum transfer ratio exceeds 1 × 10 −3 . This error is shown in §4. But the computational results tend to be the Kim's experimental data.
CONCLUSIONS
The particle behavior is computed by DSMC method with molecule-particle collision model considering thermophoretic and drag forces. Particle size is assumed to be much smaller than mean free path of a gas. The moleculeparticle collision model considers the collision weight factor which is the number of molecules colliding with a particle in a collision event. It becomes possible to compute directly the particle behavior by considering collision weight factor. Furthermore, by considering Epstein's drag force, the result of molecule-particle collision model reproduced completely Waldmann's thermophoretic force when the interaction model between a molecule and a particle is full accommodation condition. But the molecule of specular reflection is not considered in molecule-particle collision model. Therefore, thermophoretic speed is underestimated when the molecule reflects specularly.
Furthermore, the DSMC method with molecule-particle collision model agrees completely with the conventional model. The computation speed of molecule-particle collision model is 460 times than conventional DSMC method. This value is less than theoretical value 60,000 times. Because computation speed per step tends to become faster because the number of atom-atom collisions and movement length of atom per step decrease.
The results of molecule-particle collision model was compared with Kim's experimental data of thermophoretic protection on the wafer with temperature gradient. The molecule-particle collision model's thermophoretic protection effect is weaker than experimental data because the drag force of molecule-particle collision model is underestimated. As the reason, there is statistical error. The momentum transfer ratio by molecule-particle collision is too small around the wafer and the statistical error increases. But the tendency of thermophoretic protection was reproduced by using the molecule-particle model.
The computation time became very short by considering the collision weight factor. The time step of conventional collision model should be less than collision time which is proportional to particle cross section. On the other hand, the large time step can be used by considering molecule-particle collision model. Note that many simulated particles per cell are used in order to prevent the statistical error. After all, the computation speed became one hundred seventy times for the particle of 220 nm and fifty thousand times for the particle of 1 µm in this paper theoretically.
The molecule-particle model is available for any simulation geometry. Furthermore, the particle behavior is directly computed in short computation time. Therefore, the molecule-particle collision model with the collision weight factor can apply for many industrial fields.
